In the present work, microwave and Parr reactors were utilized for synthesis of pyrazines from plant-based biomass in the presence of ammonia and different amino acids. Using these techniques led to synthesis of a relatively wide range of pyrazines with sweet odor and chocolate-like smell. The optimum synthetic conditions to have maximum pyrazine yield for both the microwave and Parr reactions were 41 g of fructose/glucose syrup derived from cellulosic biomass, 28 mL NH 4 OH (30%), and 0.96 g L-threonine, 0.56 g L-valine, 0.5 g L-leucine, and 0.5 g L-isoleucine at 120 °C for 30 min. Quantitative results obtained via gas chromatography-mass spectrometry (GC-MS) using the traditional open-heated oil bath method have been compared with data obtained via microwave and Parr reactors. In these two latter methods, sealed vessels under high pressure and higher temperature were used. The yield of synthesized pyrazines increased dramatically with both microwave and Parr reactors. Surprisingly, the yield of synthesized pyrazines was both reproducible and nearly two times higher via the Parr reactor than that observed with the microwave reactor under comparable conditions. [Beitr. Tabakforsch. Int. 27 (2017) 
SUMMARY
In the present work, microwave and Parr reactors were utilized for synthesis of pyrazines from plant-based biomass in the presence of ammonia and different amino acids. Using these techniques led to synthesis of a relatively wide range of pyrazines with sweet odor and chocolate-like smell. The optimum synthetic conditions to have maximum pyrazine yield for both the microwave and Parr reactions were 41 g of fructose/glucose syrup derived from cellulosic biomass, 28 mL NH 4 OH (30%), and 0.96 g L-threonine, 0.56 g L-valine, 0.5 g L-leucine, and 0.5 g L-isoleucine at 120 °C for 30 min. Quantitative results obtained via gas chromatography-mass spectrometry (GC-MS) using the traditional open-heated oil bath method have been compared with data obtained via microwave and Parr reactors. In these two latter methods, sealed vessels under high pressure and higher temperature were used. The yield of synthesized pyrazines increased dramatically with both microwave and Parr reactors. Surprisingly, the yield of synthesized pyrazines was both reproducible and nearly two times higher via the Parr reactor than that observed with the microwave reactor under comparable conditions. 
INTRODUCTION
Microwave radiation has been widely used as a powerful and controllable heating source for both organic and inorganic reactions since there is an immense increase in reaction speed under microwave radiation as compared with conventional heating. Apart from this main advantage, significant improvements in yield and selectivity have been observed as a consequence of the fast and direct heating of the reactants (1). The main advantages (2, 3) of microwaveassisted organic synthesis compared to heated bath are: 1) Reactions are completed in a few minutes instead of hours; 2) Better product yield and higher purity are observed; 3) Scale-up from milliliters to liters without changing reaction parameters is straightforward; 4) Control of temperature, pressure, and power affords the same reaction conditions; 5) Reactions that involve conventional and microwave heating (4, 5) can be readily compared. The short reaction times and expanded reaction parameters that are offered by microwave assisted-organic synthesis are well-suited for the increased production demands in industry. The advantages of microwave energy in the performance of organic reactions can be used for example in the synthesis of aqueous pyrazine formulations that are major flavor components in food and cigarettes (6) . In this regard, two other alternative methods can be utilized to generate aqueous formulations of pyrazines. As an example, a Parr reactor incorporates a sealed vessel under pressure at selected temperatures. In another example, open vessels at ambient pressure have been used by several of the authors concerning pyrazine synthesis (7) . The main disadvantages in the open vessels were limitations in the number of samples, temperature/pressure control, little variation in vessel dimensions, and replication of chemical syntheses.
In the present study, pyrazines with relatively short (C1) and relatively long (C6) alkyl chains were synthesized using sealed vessels. Heat treatment of aqueous samples or suspensions was conducted in either specially designed vessels employing microwave conditions or in sealed, stirred, stainless steel heated reactors. The larger scale synthesis (> 200 mL) and more widely variable synthetic conditions of Parr and microwave reactors afforded broader temperature capabilities, and resulted in an increased pyrazine yield relative to open heated vessels. These conditions unfortunately gave rise to an undesirable byproduct, which challenged our ability to eliminate it from the more desirable pyrazine product. This material, which was produced only under certain conditions, was labelled "sludge". When it appeared, it was observed near the bottom of the reactor vessel (microwave and Parr) as either an intractable dark brown refractory solid which had limited solubility in polar as well as nonpolar solvents or as a "gummy" substance which stuck to the walls and bottom of the reactor vessel. In many cases, removal of the "sludge" from the reaction vessel required mechanical scraping since polar solvents such as methanol or acetone were not effective. To address the "sludge" problem, determination of the optimum conditions for the reaction minus "sludge" was critical.
MATERIALS AND METHODS

Chemicals and reagents
Ammonium hydroxide (28-30%), L-leucine, L-isoleucine, L-threonine, L-valine, dichloromethane, 2-methylpyrazined 6 (internal standard), and sodium sulfate were obtained from Sigma-Aldrich (St. Louis, MO, USA). Cellulosic glucose/fructose-A (CGF-A) (consists of 28% fructose and 33% glucose) and cellulosic glucose/fructose-B (CGF-B) (consists of 42% fructose and 50% glucose) from different plant sources were obtained from R.J. Reynolds Tobacco Co. (Winston-Salem, NC, USA).
Instrumentation
All GC/MS analyses were performed using a 6890 Gas Chromatograph equipped with a 5973 Mass Selective Detector (MSD) operating in the SCAN mode at 70 eV from Agilent (Wilmington, DE, USA). Chromatographic separations were obtained using a DB-WAXTER capillary column (30 m long × 250 µm I.D. with a film thickness of 0.25 µm) from J&W (Wilmington, DE, USA). The oven temperature was programmed 50 °C for 3 min, then increased by 15 °C/min from 50 to 240 °C and held for 3 min. Helium was used as the carrier gas at a flow rate of 3 mL/min. Split ratio was adjusted at 1/25. Mass spectra were obtained by electron impact ionization with an ionizing voltage of 70 eV and an ionizing current of 150 A. Synthesized pyrazines were identified by comparing their 
RESULTS AND DISCUSSION
Pyrazine synthesis using microwave reactor
Preliminary experiments were performed to determine the best conditions for pyrazine synthesis with a microwave reactor. In all experiments, cellulosic glucose/fructose (CGF-A) as a sugar source (41 g), different amino acids (Lthreonine, L-valine, L-isoleucine, and L-leucine), and variable volumes of 30% NH 4 OH as the nitrogen source were used for synthesis. In addition to water soluble pyrazines, many of these early syntheses revealed an intractable dark brown, tarry "sludge" which had not been reported previously with either open vessels or sealed vessels. Early in the investigation, it was surmised that the origin of the "sludge" might be due to either relatively high amino acid concentrations or inefficient heating that either caused incomplete reactions or produced byproducts at high temperatures. It is very important to note here that not every synthesis via microwave heating resulted in "sludge" formation. Those conditions wherein "sludge" was produced with microwave radiation contained a large amount of amino acids. In spite of this issue, our preliminary synthetic study revealed certain conditions where no "sludge" was observed.
In this regard, the effect of experimental variables such as NH 4 OH concentration, amino acid concentration, reaction time and temperature, and aqueous reaction volume on the amounts of high quality pyrazines were optimized with the mass of cellulosic glucose/fructose fixed. Since one of the main goals of our study was to scale up the final mixture of products, reactions were initially done using a small scale industrial microwave with a vessel volume of 30 mL. For larger scale reactions, eight separate Teflon vessels each with a volume of 30 mL were employed. After completion of each larger-scale synthesis, the contents of all eight vessels were mixed. The combined 240 mL solution was then divided into 30 mL aliquots for extraction with 10 mL of methylene chloride after addition of a 25 ppm internal standard. Finally, triplicate injections of 1 µL of extract to the GC column were made.
Effect of NH 4 OH concentration
In the first part of the study, 41 g of CGF-A, 0.96 g of Lthreonine (T), 0.56 g of L-valine (V), 0.5 g of L-leucine (L), and 0.5 g of L-isoleucine (iso-L) with different volumes of 30% NH 4 OH were reacted at 110 °C for 30 min with a ramp of 1.7 °C/min. Water was added to each vessel to adjust the combined reaction volumes of the eight microwave vessels to 240 mL. After the reaction the mixture was allowed to cool, the extraction was performed on 30 mL aliquots of the total volume with 10 mL of CH 2 Cl 2 per extraction. Table 1 shows the individual, identified pyrazine components and their mass per synthesis resulting from two different concentrations of NH 4 OH. As can be observed C 1 -C 3 pyrazines were eluted 7-8.5 min and branched C 4 -C 6 pyrazines were eluted 8.7-10.5 min. Since pyrazine and 2-methylpyrazine are the less desirable pyrazines from an odor threshold and sensory characteristic perspective, their combined contribution to the total pyrazines is noted here for comparison. Regardless of the volume of ammonium hydroxide used, the percentage of pyrazine (pyz) plus 2-methylpyrazine (2-met) was 55% of the total. In other words, over half of the synthesized watersoluble pyrazines was not desirable for the intended purpose of the synthesis. On the other hand, seventeen different alkylpyrazines were detected and quantified. Only one, 2-isopentyl-6-methylpyrazine, was highly branched. A small amount of unsubstituted pyrazine was found in both syntheses. Various methylpyrazines (i.e., 2-methylpyrazine and 2,6-dimethylpyrazine) made up over 60% of all isolated alkylpyrazines. The total amounts of isolated alkylpyrazines using 18.5 mL of NH 4 OH was approximately 38,000 µg; while the total amount of isolated alkylpyrazines obtained using 28 mL of NH 4 OH was approximately 48,000 µg. Accordingly, 28 mL of NH 4 OH was selected for the remainder of the experiments.
Effect of temperature and time
The effect of temperature and time on the yield of pyrazines were next investigated. The same conditions that were used in the previous experiments using 28 mL of 30% NH 4 OH were performed at 110, 120, and 130 °C for 30 min. As before, water was added to adjust the combined reaction volumes of the eight microwave vessels to 240 mL. Table 2 shows the individual, identified pyrazine components and their total mass per synthesis resulting from the different test temperatures. The lowest temperature tested (110 °C) gave the lowest amount of total pyrazines and a relatively high (pyz+2-met) percentage of 53%. The two higher temperatures yielded approximately the same total masses but a higher percentage (pyz+2-met) of 48% and 47%. Nearly 80% of the total yield at each of the three temperatures was 2-methylpyrazine, 2,5-dimethylpyrazine, 2,6-dimethylpyrazine, and 2,3-dimethylpyrazine. The remaining fifteen pyrazines were each less than 1% of the total except for 2,3,5-trimethylpyrazine which was 4-5% of the total. For 130 °C, a thin layer of "sludge" was formed at the bottom of the microwave vessel. Accordingly, for the rest of our experiments, 120 °C was chosen as the optimum reaction temperature, where no "sludge" was produced and the yield was higher. Table 3 shows the individual identified pyrazine components and their mass per combined (8 vessels) syntheses resulting from different reaction times (30 and 60 min). In this case the lower time yielded the greater overall yield of pyrazines with the methylpyrazines noted above again accounting for over 85% of the 18 total pyrazines detected and quantified. Table 4 shows the yield of synthesized alkylpyrazines via microwave with different amino acids incorporated into the reaction keeping the sugar source and ammonium hydroxide concentration as noted in the Table. The mass of individual amino acids (L-threonine, L-valine, L-leucine, and L-isoleucine) were maintained at their highest possible concentrations without "sludge" formation. L-Leucine and L-threonine gave the highest mass of total pyrazines although the difference among the four amino acids was hardly significant. For this experiment, the percentage of the total for pyrazine (pyz) plus 2-methylpyrazine (2-met) was 55% for threonine, 56.5% for valine, 65% for leucine, and 62% for L-isoleucine. Additional observations can be made here. 1) The mass of unsubstituted pyrazine was double to that with L-leucine relative to the other three amino acids; 2) Less branching with L-leucine was realized; 3) 2,3,5-Trimethylpyrazine accounted for 5% of the total isolated pyrazines regardless of the amino acid; 4) 2,6-Dimethylpyrazine (C4) was made by using L-threonine and L-isoleucine; 5) Low amounts of 2-butyl-3-methylpyrazine and 2,3,5-trimethyl-6-ethylpyrazine (C5) were produced by using L-threonine; 6) 2-Pentylpyrazine was mainly synthesized using L-leucine; while, a small amount was made with L-threonine; 7) The main source of 2-(2-methylpropyl)-3,6-dimethylpyrazine and 2,5-dimethyl-3-isobutylpyrazine (C6) was L-valine; 8) Five +/! 2 of the 18 pyrazines monitored were not detected when amino acids were incorporated into the synthesis.
Effect of amino acid type
7.5 2,5-Dimethylpyrazine C2 3950 9.0 3566 9.0 7.6 2,6-Dimethylpyrazine C2 11,942 29.0 11,249 29.0 7.8 2,3-Dimethylpyrazine C2 1608 4.0 1426 4.0 8.1 2-Ethyl-6 methylpyrazine C3 549 1.5 582 1.5 8.2 2-Ethyl-5 methylpyrazine C3 119 0.3 113 0.3 8.4 2,3,5-Trimethylpyrazine C3 2095 5.0 1967 5.0 8.6 2-Vinylpyrazine C2 97 0.2 57 0.1 8.7 2,5-Dimethyl-3-ethylpyrazine C4 108 0.3 107 0.3 8.9 2,6-Dimethylpyrazine C4 136 0.3 145 0.4 9 2,3,5,6-Tetramethylpyrazine C4 113 0.
Pyrazine synthesis using Parr reactor
The second part of the study employed a 1.5-L stainless steel Parr vessel for pyrazine synthesis using cellulosic glucose/fructose-A (CGF-A) as the sugar source. In this way, the experiments could be performed in a single vessel with a total reaction volume of 240 mL. This allowed us to simulate the same overall conditions for both microwave and Parr techniques (i.e., one vessel 240 mL versus eight combined vessels of 30 mL each). Initially, the same reaction conditions with Parr that were applied for microwave, (i.e., 41 g CGF-A, 0.96 g L-threonine (T), 0.56 g Lvaline (V), 0.5 g L-leucine (L) and 0.5 g L-isoleucine (iso-L) and 28 mL of 30% NH 4 OH at 120 EC for 30 min with a ramp of 1.7 °C/min) were employed. Surprisingly, a lot of "sludge" was observed at the bottom of the Parr vessel ( Figure 2) . Investigation of the effect of reaction volume on production of the "sludge" was studied next. Syntheses were done in variable reaction volumes of 480 mL, 1000 mL, and 1200 mL. For the 480-mL and 1000-mL reaction volumes, different amounts of "sludge" were observed. Whereas, with a reaction volume of 1200 mL, no "sludge" was produced. An interesting comparison here is that "sludge" was produced with a reaction volume of 240 mL using the Parr reactor; while no "sludge" was observed by means of microwave energy using the same synthesis parameters in the 240-mL reaction volume. An explanation for this observation will come later. Thus, for the remainder of the Parr reactor studies, a reaction volume of 1200 mL was chosen.
Effect of temperature
The effect of temperature on the yield and selectivity of pyrazines with the Parr reactor was first investigated. Reaction conditions were 41 g of CGF-A, 0.96 g L-threo-
, and 28 mL of 30% NH 4 OH at 110, 120, and 130 °C for 30 min with a ramp of 1.7 °C/min. Water was added to adjust the reaction volume to 1200 mL. After the reaction was allowed to cool, extraction was done on 30 mL aliquots of the entire reaction with successive 10 mL of CH 2 Cl 2 . Table 5 shows the individual identified alkylpyrazines and their mass per total synthesis resulting from the different reaction temperatures. Yields of synthesized pyrazines at 120 °C and 130 °C were similar; whereas yield for 110 °C was slightly lower. Percentages of pyz+2-met with the Parr reactor were higher (69.0, 65.7, and 61.6%) in general than via microwave conditions. Selectivity for methylpyrazines was slightly higher, as the combined percentage of the total for 2-methylpyrazine, 2,5-dimethylpyrazine, 2,6-dimethylpyrazine, and 2,3-dimethylpyrazine was approximately 87%. The other individual alkylpyrazines were all less than 0.3% of the total with the exception of 2,3,5-trimethylpyrazine which ranged from 3% to 4% at the three temperatures studied. Accordingly, for the remainder of the Parr experiments, 120 °C was chosen as the optimum reaction temperature.
Effect of time
For investigation of the effect of time on the yield of alkylpyrazines with the Parr reactor, the same reaction conditions described previously were applied. Table 6 shows the individual identified pyrazine components and their mass-per-synthesis resulting from different times of reaction. The results of two experiments were similar. C1/C2 methylpyrazines when combined made up over 83% of the total while 2,3,5-trimethylpyrazine was again approximately 4% of the total which compared well with the previous temperature study. This finding gave very encouraging results. Table 5 . Identified alkylpyrazines and their mass per total synthesis resulting from the different reaction temperatures (in µg): Table 7 .
"Sludge" problem
As mentioned before, the main problem in using the Parr reactor was "sludge" formation when reactions were done in reaction volumes of 240, 480, and 1000 mL. When using microwave conditions under identical concentrations of amino acids, CGF-A, and ammonium hydroxide in reaction volumes of 240 mL (eight vessels, 30 mL each), no "sludge" was observed. While an explanation for this difference in reactivity is not obvious, several points seem worthy of consideration. Microwaves generate rapid intense heating of polar substances; while, apolar substances do not absorb the radiation and are not heated. All of the reactants in this study are polar materials that can efficiently absorb microwave energy. It seems that when using microwave these compounds become quickly activated and involved in the reaction. Furthermore, the temperature increase should be uniform throughout the matrix which could lead to less by-products. Thus, this situation probably resulted, in pyrazine reactions without any "sludge". On the other hand, however, heat would be less efficiently conducted in the much larger Parr vessel. Another factor concerning "sludge" formation, could possibly be the cellulosic glucose/fructose (CGF) that was used in the synthesis. According to the manufacture's data, cellulosic glucose/fructose-A mainly consists of 28% fructose and 33% glucose, and CGF-A was the sugar source used in all the syntheses reported so far in this study. Preliminary experiments on the other hand using cellulosic glucose/fructose-B, with 42% fructose and 50% glucose as an alternative sugar source for pyrazine synthesis, showed that by using 41 g of CGF-B, 0.96 g threonine (T), 0.56 g valine (V), 0.5 g L-leucine (L) and 0.5 g L-isoleucine (iso-L), and 28 mL of 30% NH 4 OH at 120 °C for 30 min and a total reaction volume of 240 mL, in both microwave and Parr reactor experiments, no "sludge" was observed via either heating regimen. See Table 8 for a comparison between the individual identified pyrazine components and their mass per synthesis resulting from use of CGF-A and CGF-B as a sugar source by means of microwave and Parr reactor. Microwave conditions gave lower combined percentages of the total for (pyz+2-met) than Parr. In terms of selectivity, both CGF-A and CGF-B yielded similar results. When the data in Table 8 were analyzed in terms of mass of sugar substitute per mass of total synthesized pyrazines, considerably more sugar was required for comparable pyrazine yields of one over the other. If one examines all seven tables in this report, the ratio is uniformly higher for microwave (greater than 100) than for Parr (less than 100). Another point is worth making here. Fructose is known to be the active ingredient in both CGF-B and CGF-A. Since the amount of fructose in CGF-B is higher than CGF-A, this could be the reason that reactions without any "sludge" problem are favored when using CGF-B. Alternatively, spiking with only pure fructose should result in less "sludge" formation.
An alternate possible solution to the "sludge" issue might be to use more of the cellulosic glucose/fructose (i.e., change the fructose/glucose nitrogen ratio). The results of the experiments employing this approach have shown this method to be an ineffective strategy. This is due to the fact that by increasing the concentration of CGF-A, the amount of glucose and fructose will also increase and unreacted glucose could be the cause of more "sludge" formation. Yet, another possibility for addressing this problem would be to spike more fructose to the original CGF-A. For testing this idea, 0.1 M fructose was added to 41 g of CGF-A along with the same reactants described previously. This synthesis approach unfortunately resulted in "sludge" formation. In a separate synthesis, the amount of fructose was significantly increased to 0.5 M fructose under the same reaction conditions. As predicted no "sludge" was observed (Table 9 ). Alternate solutions to the "sludge" issue could be addition of excess CGF-A which has a relatively higher content of fructose, or possibly isolate the fructose from the CGF-A mixture and using it as the sole carbon source. Another observation arising from this study was to reduce the amino acid concentration by dilution of the reactants with additional water since it seems that the amino acid concentration maybe a dominate factor influencing the "sludge" problem. 
CONCLUSIONS
According to this study, by using a) cellulosic glucose/fructose mixture as a cellulosic sugar source and b) a mixture of four amino acids, L-leucine, L-isoleucine, Lthreonine and L-valine, plus c) NH 4 OH, a series of C1-C7 branched pyrazines in aqueous formulations was produced.
Comparing the results obtained here with those presented in our previous paper (7) using a traditional open-heated oil bath method for pyrazine synthesis, the yield of synthesized pyrazines increased dramatically, with the Parr reactor system outperforming the yield via microwave. Nearly 80% of the total yield for both methods was C1/C2 methylpyrazines including 2-methylpyrazine, 2,5-dimethylpyrazine, 2,6-dimethylpyrazine, and 2,3-dimethylpyrazine. The remaining pyrazines were each less than 2% of the total except for 2,3,5-trimethylpyrazine which was 4-6% of the total. The main issue/problem regarding the pyrazine synthesis was the gummy (or refractory) brownish substance that was termed "sludge". To address the "sludge" problem, different experiments were performed whereby the concentration of reactants for synthesis of pyrazines using microwave and Parr reactor were optimized. Due to the nature of microwave energy which can penetrate throughout the sample uniformly, this technique was predicted to lead to less by-products or decomposition products and higher pyrazines yields as compared to techniques using traditional heat transfer equipment such as oil baths, sand baths and heating jackets. However this assumption proved to be untrue since the Parr reactor gave higher pyrazine yields.
